We present some theoretical considerations about the initial process of pre-patterning during embryonic segmentation, with particular reference to somite formation. We "rst suggest that the pre-pattern is a stable spatial sinusoidal (or, at least, periodic) wave. The periodic wave originates from an oscillator (&&clock'') in the proliferative region that gives rise to the cells. At the moment the cells leave the proliferative or &&progress'' zone, or somewhat later, a permanent record is made of the current state of the oscillation, which cells then keep during their pre-somitic phase, before explicit somite and somite boundary formation. Thus, a trail is left behind the progress zone in the form of a spatial sine wave. Second, we also observe that the factors involved in the progress-zone clock and its wave-like trail may form multimers, which will oscillate with higher space}time frequency and thus shorter wavelengths than the monomers. Whether or not our "rst suggestion is correct, this phenomenon may account for multiple wavelengths in somitogenesis, and may thus encompass somite formation, but also somite polarization (half-wavelength) into anterior and posterior halves, as well as the puzzling observation that expression of her1 in zebra"sh is in primordia of alternating somites, i.e. it exhibits a 2-somite wavelength.
Introduction
A characteristic of many animals is that they are segmented, i.e. they are made up of a number of repeated elements along their antero-posterior axis. While the segments start typically similar, they can become progressively di!erent. Examples include somites in vertebrates, and segments in arthropods and leeches (Wolpert et al., 1998) . The best understood example of the development of a segmented pattern is provided by Drosophila in which the segments are speci"ed by the pattern of gap gene proteins, which activate pair rule genes, the latter's activities de"ning 14 parasegments. But this mechanism for segment formation is atypical for two main reasons. Firstly, the embryo at the time of segment formation is a single cell with many nuclei and secondly, all the segments form more or less at the same time. By contrast, segmentation in other organisms involves cells becoming segmented into groups and this occurs sequentially along the anteroposterior axis. Thus, for example, somites in the developing chick embryo form in an antero-posterior sequence, one every 90 min, and in short germ band insects (Drosophila is a long germ band insect) segments are added at the posterior end, one at a time. Again in the leech, the segments are formed from teloblasts which act as stem cells for the segments. Another example is the vertebrate limb, where the cartilaginous elements form a segmental pattern along the proximo-distal axis.
The most intensively studied system in which groups of cells become sub-divided into segments along an axis is somite formation. The subdivision of the paraxial mesoderm into somites involves two processes*pre-patterning of the mesoderm into the future somites, and the formation of overt boundaries so that the somites become separated from each other (Gossler & Hrabe de Angelis, 1997) . Molecular evidence for pre-patterning of the somites comes from the segmental expression of the transcription factors her-1 and c-hairy-1 (Palmeirim et al., 1997; Stern & Vasiliauskas, 1998) . There is also good evidence that the Notch-Delta signalling pathway is involved in the formation of the boundaries themselves (McGrew & PourquieH , 1998; Jiang et al., 1998) . It is the pre-patterning proper that we consider here, rather than how the pre-pattern then leads to physical segmentation. The pre-pattern must not only specify the somites but the boundary between them, as well as anterior as distinct from posterior halves.
Models for the periodicity of somite formation have been reviewed by Dale & PourquieH (2000) . We summarize below these theoretical frameworks.
The clock and wavefront model was introduced by Cooke & Zeeman (1976) to explain the formation of periodic embryonic structures. It posits that the cells that will form somites share an &&oscillator'', a regularly repeated cycle of cell states whose duration is equal to the time needed for the formation of a single somite. In addition, there is a &&wave'' of competence to respond to the clock, a wave that sweeps at a constant velocity through the embryo, from anterior to posterior. Only when in a certain phase sector of the oscillation can cells express their competence to form a somite boundary, and they do so only when the wavefront exactly passes through them. Meinhardt (1986a, b) proposed to explain the segmentation process using a traditional Turing-like reaction}di!usion model of pattern formation. He suggested that there are two autocatalytic substances which behave in a classic short-range inhibition, long-range activation mode. In such a system, one observes the progressive buildup of periodic spatio-temporal distributions of the component chemical species.
Somites are thus generated by the stepwise conversion of a periodic pattern in time into a periodic pattern in space. Two cell states are assumed, which exclude each other locally but stabilize each other at longer range; all cells are initially in the same (&&anterior'') state. Under the in#uence of antero-posterior positional information, some cells switch to the posterior state, and the more anteriorly located of these revert again, because of short-range exclusion, to anterior, thus forming a "rst, polarized somite. The prediction is therefore made that half somites are speci-"ed in wave-like fashion, starting at the posterior end of presomitic mesoderm.
A model based on a wave gradient was introduced in Wilby & Ede (1975) and Flint et al. (1978) . It posits that the regression of Hensen's node recruits cells of the paraxial mesoderm into synthesizing a morphogen. This morphogen increases to a threshold, where irreversibly, instead of synthesis, it is now destruction of morphogen which starts to take place. As a result, a sink of morphogen is created. An alternation of morphogen sources and sinks thus appears, which will constitute the bases for the patterning of the somites and intervening "ssures.
Model: the Progress Zone
Our model is based on an oscillator (Wolpert & Stein, 1984) like the clock and wavefront model, but the mechanism is quite di!erent and somewhat more economical. It assumes that formation of segments is intimately linked to a zone of proliferation which gives rise to all the cells that will form somites. This region which we call a progress zone*it was "rst used in relation to limb development (Summerbell et al., 1973) * has a constant size and leaves behind it a trail of cells. This is illustrated in Fig. 1 . Some property of all cells in the progress zone oscillates in unison. We can think of the oscillation in terms of a chemical concentration cycle, or some enzyme phosphorylation cycle, or may be the periodic transcription of some gene. As the cells leave the progress zone, a permanent record is made of the state of the oscillator at the moment of leaving. The concentration of the chemical or the transcription level of the gene may go on oscillating, but this remnant oscillation has no e!ect on the 506 FIG. 1. The clock and trail model for periodic pattern formation. A progress zone H (Hensen's node in the example of somite formation) advances and produces new cells that then move out of it and remain stationary thereafter (in the case of Hensen's node, the motion is towards posterior). The concentration of a cellular factor, such as a transcription factor or an enzyme, oscillates in the progress zone. The zone leaves behind a &&clock'' and a &&trail'': the clock factor continue oscillating in all cells at the zone's basic frequency, while the trail or &&snapshot'' factor is frozen at the phase that was current when a given cell left the progress zone.
&&snapshot'' that has been taken when the zone was left. The phase of the cycle is thus recorded. The result is that the progress zone leaves behind it a trail of cells in which the concentration of the chemical oscillation, for example, becomes a spatial sinusoidal wave. There need not be a continuous record of the concentrations but enough to establish a wave. In principle, the wave could then give rise to the somite pre-pattern. One way in which the &&snapshot'' could be taken is by assuming that the basic oscillation drives another reaction, through a factor which is synthesized in the progress zone, but not in the rest of the embryo. In this way, as soon as cells leave the zone, while the basic oscillation may continue or not, the driven reaction stops, because its coupling to the primary oscillation is shut down.
It may be helpful at this stage to point out a key di!erence with the clock and wavefront model, namely that the somite is speci"ed when the cells leave the progress zone and is in no way dependent on another wave. There is only one governing entity. The delay in the actual formation of the somite merely re#ects the time needed for the cells to interpret the sinusoidal prepattern.
Another aspect to the model is that it couples the clock to positional speci"cation of the somites, that is, to their position along the antero-posterior axis. As originally proposed for the proximo-distal axis of the limb, positional speci-"cation could be determined by how long the cells spend in the progress zone. If they can record the number of oscillations they have been through before they leave the zone, then that number can specify their position along the axis. Alternatively, as explained above, it may be that the clock goes on oscillating in the cells even after they have left the progress zone, in which case the time counting may still go on after they have become part of the &&trail''. A similar model has been proposed by Dale & PourquieH (2000) .
We shall have more to say about oscillations in the pre-somitic mesoderm as we compare the model with experiment (see below). We now discuss the proposed way in which the information of the spatial wave is interpreted into a speci"cation of somites, anterior and posterior halfsomites, and groups of somites.
Model: Interpretation of the Spatial Wave
Let us now consider possible biochemical realizations of the model. They immediately point to some remarkable features. It is unlikely that an oscillator of the type we hypothesize should consist of a single component. Several of these, and reactions among them, must intervene. For the sake of the argument, let us consider that the oscillator involves, say, the genes for two transcription factors A and B, and that these two are mutually inhibitory, i.e. A inhibits the transcription of B, and B that of A. The genes will then have a tendency to oscillate out of phase, i.e. when the concentration of A will be maximal, that of B will be minimal, say very close to 0. One possible mathematical form for A(t) is A(t)" 1#sin t (see Fig. 2 ), and then B(t) will be B(t)"1!sin t. Now proteins, but in particular transcription factors, rarely function as monomers; most usually they form oligomers. Assume ; the units are arbitrary). The molecule is, for instance, a transcription factor. Transcription factors are usually involved, as oligomers, both in activation and inhibition of genes, including the genes that encode them; the consequences of this for somite formation are striking.
Indeed, it is easy to imagine a second factor with concentration [B], oscillating out of phase with [A] (thick dotted line).
The concentration of the dimer AB will be proportional to [A] [B] and will exhibit an oscillation at twice the basic time or space frequency (**; see also text); AB can activate a gene coding for D; the cascade can continue if AB also inhibits a gene C (-----): in that case CD will oscillate with frequency 4 . These oscillations can be seen as time oscillations in the progress zone P (see Fig. 1 ) or as time oscillations of the clock, or yet again as spatial oscillations of the trail. The latter could be used to specify somites and parts or groups of somites. For instance, if the concentration of AB is read through a threshold mechanism, somites boundaries could occur around maxima (spaced by¸/2) of the thin black curve; the thick black curve's maxima would single out one somite in two, de"ning binary somite groups. Alternatively, the full period¸could specify one somite, with the antero-posterior polarity de"ned by the maxima}minima of the thick black line ( ).
AB is an active oligomer (dimer), and that it forms according to the law of mass action, i.e.
[AB](t) KA(t) B(t)"(1#sin t) (1!sin t)" 1!sin t"cos t"(1!cos 2 t)/2 (see Fig. 2 for a graphical version of this trigonometric argument). The formula as well as the "gure show that the active dimer's concentration varies at twice the frequency of the monomers. More complicated schemes, with more reactants, are of course possible, with the same general principle. In any case, the time oscillation of factors with frequency , 2 , etc., in the progress zone translates into spatial oscillations of the &&snapshot'' factor(s) A, AB, etc., with a wavelength¸,¸/2, etc., as shown in the "gure. Note that the static spatial oscillation is a novelty of the present model: it is not present in the clock and wavefront formalism. The existence of the spatial wave opens several ways of specifying somites, anterior and posterior halves of somites, and groups of somites.
Thus, one full wave¸could specify a somite; then the more anterior part would have, say, high A, and the posterior low A: thus, the model allows immediately for the determination of somite polarity. Alternatively, a dimer AB would oscillate with a wavelength¸/2: this could be used to specify half somites, and low or high A anterior or posterior halves again. In yet another scheme, the wavelength¸/2 associated with AB oscillations could correspond to the somite length: in that case, the oscillations of monomer A over the length¸of two somites would mark pairs of somites. Note that in all these schemes the di!erence in signal between segments or between anterior and posterior hemisegments could become stabilized and ampli"ed by a Notch-Delta type of intercellular signalling loop (Artavanis-Tsakonas et al., 1995; Jen et al., 1999) .
Model: Comparison with Experiment
We now examine the model with respect to what is known about somite formation and limb development. Somite formation in the chick and mouse is linked to the regression (posterior movement) of Hensen's node. The node leaves behind a trail of somite-forming cells in the segmental plate which lies between the last formed somite and the node. Within the segmental plate there is tissue for the next 10}12 somites. It is well established that the cells in the segmental plate are already programmed to form somites in a strict antero-posterior sequence. This is nicely illustrated in Fig. 6 of Palmeirim et al. (1997) .
A major and striking recent observation is that the chick homologue of the Drosophila pair-rule hairy, c-hairy 1, is transcribed in a clock-like manner during somite formation. The mRNA of this gene cycles in both the node and the presumptive somite region with a period that matches the time of observed successive somite formation, namely 90 min. This is precisely what 508 the clock and trail model predicts, for each space}time oscillation indeed corresponds in the model to formation of just one somite. Note that in the clock and wavefront model, this identity of oscillation period and formation time will only occur if the clock and wavefront speed are precisely matched. According to our model then, the continued cycling of c-hairy 1 is not involved in somite determination (this has occurred at or near the exit of Hensen's node, when the phase of the trail was set). Oscillations observed after the cells have left the node may just re#ect continued functioning of the clock, which could serve, e.g. to read out biochemically the phase of the spatial wave and translate it to more stationary gene expression patterns.
The model can account for the observation that there is regulation of somite number so that when individual embryos are only two-thirds the normal size the number of somites is still the same (Cooke, 1998) . The somites in these embryos are smaller and this would result if the size of the node generating the somites were proportionally reduced*the number of cells leaving the node in each unit of time would be reduced by two-thirds. An alternative explanation would call for the cycle of the oscillator to be speeded up.
It has been found that, in zebra"sh, the expression domains of an homologue of hairy, her1, span the primordia of alternating somites, thus displaying a periodicity double of that of the somites themselves (MuK ller et al., 1996) . It should be noted that as a member of the &&hairy/enhancer of split'' class of transcription factors, which possess a basic helix-loop-helix motif, her1 could dimerize with various members of this class; hence, it is an excellent candidate gene for our period-doubling by oligomerization mechanism. In this respect, it is also remarkable that Nicolas et al. (1996) have traced the fate cell lineages issued from a single precursor in the progress zone during somite formation, and they "nd that almost all clones are limited to two somites, a fact which again is easily accounted for by our model, in the version where (see Fig. 2 ) the oscillations of the trail gene specify pairs of somites. Dale & PourquieH (2000) review the evidence in favour of there being a cell population in the node which gives rise to the somites. Heat shock given to 2-day-old chick embryos (Primmett et al., 1989) results in anomalies to somites formed 6}7 somites further down, and even further at multiples of 6 or 7 somites. Thus, the shock a!ects somites half-way along the segmental plate which contains about 12 future somites. It is not easy to account for this by our model but the shock could a!ect some process of interpretation. As Primmett et al. (1989) point out, the e!ect is "rst observed 10 hr later and this interval corresponds to the cell cycle time.
The cartilaginous elements of the embryonic vertebrate limb develop a segmental pattern. In the developing wing of the chick initially each element along the proximo-distal axis corresponds to about one progress zone's length of cells, that is, to the amount of cells that leave the progress zone during one cell division cycle. There are seven cycles corresponding to the seven elements along the axis*humerus, radius and ulna, two carpal elements, metacarpals, and two phalanges (Lewis, 1975) . While initially the same length, they grow to very di!erent extents and so that carpal elements remain small while the humerus, radius and ulna grow extensively in length. It is attractive to think of each of these elements being speci"ed by a mechanism similar to that for the somites. Again the positional speci"cation of the elements could depend on the time spent in the progress zone and there is evidence for this: cell death due to X-irradiation leads to loss of proximal structures (Wolpert et al., 1979) .
Conclusions
The essence of the model that we are proposing is that the pre-pattern for segmentation that gives rise to structures like somites and the cartilaginous elements of the vertebrate limb is in the form of a spatial sine wave which re#ects the concentration of an oscillator when it leaves a zone of proliferation*the progress zone. The spatial wave is interpreted to generate somites, polarity and specialization. There is at present no direct evidence for such a periodic wave, nor, in the case of the limb, evidence for an oscillator in the progress zone. There is also no direct evidence for a progress zone region associated with the regressing node during somite formation or an understanding of quantitative aspects of the CLOCK AND TRAIL MODEL proliferation of cells in the region that gives rise to the somites. We hope that our model will stimulate new experimental approaches.
